The balance between the availability of energy and nutrients is decisive for the growth and survival of organisms. Here, we evaluated how energy, in this study expressed as total carbon (TC), is lost along the land to ocean aquatic continuum (LOAC) in relation to nutrients, i.e., total phosphorus (TP), total nitrogen (TN), total iron (TFe), and dissolved silica (DSi). For the evaluation, we used data from 4774 lakes, 149 streams, and 52 river mouths from the boreal region. We found that the loss of all chemical variables followed a first order decay function along the LOAC with shortest half-lives for TFe and DSi (410 d and 568 d, respectively). The half-life of TC was more than twice as long as for TFe and DSi, resulting in rapidly increasing TC:TFe and TC:DSi ratios along the LOAC. In contrast, TC:TP and TC:TN ratios decreased along the LOAC. The TC and TFe concentration declines along the LOAC were quantitatively similar to the TC and TFe concentration declines from winter to summer, indicating that similar drivers are responsible for spatial and seasonal TC and TFe losses in inland waters. We conclude that the energy:nutrient ratio rapidly changes along the LOAC with an increasing surplus of energy in relation to TFe and DSi the longer water stays in the landscape. These findings have implications for the growth of aquatic organisms along the LOAC, where organisms are likely to become increasingly iron and silica limited with increasing water retention in the landscape.
All aquatic organisms require energy in form of carbon and nutrients, in particular phosphorus and nitrogen but also iron, silicon, and other micronutrients, for critical cellular processes (Sterner and Elser 2002) . For prediction of growth and survival of aquatic organisms, it is therefore essential to understand the quantity as well as the stoichiometry of carbon and nutrients in aquatic ecosystems. This field of research is well established, and numerous studies are available where energy:nutrient ratios in aquatic ecosystems have been analyzed in detail (e.g., Sterner et al. 1992; Hecky et al. 1993; Stelzer and Lamberti 2001; Hillebrand et al. 2014) . Identified major drivers for variations in energy: nutrient ratios in aquatic ecosystems are land use (e.g., Arbuckle and Downing 2001) , atmospheric deposition (e.g., Elser et al. 2009 ), and hydrology (e.g., Frost et al. 2009 ). There are, however, still some unknowns, one of them being knowledge on how stable the energy:nutrient ratio is when water travels through a lake-rich landscape, i.e., along the land to ocean aquatic continuum (LOAC) of the boreal region. This knowledge gap makes predictions of the survival of aquatic organisms along the LOAC of the boreal region uncertain. There is, for example, a possibility that limitations for the growth of aquatic organisms might shift along downstream flow path, in particular when the water retention in the landscape is prolonged by a water flow through lakes. Such shifts are likely if element ratios rapidly change along the LOAC, and threshold elemental ratios are reached (Frost et al. 2006) .
Traditionally, studies along the LOAC focus on river ecology concepts (Bouwman et al. 2013 ). This focus neglects processes in lakes. Lakes can, however, function as very efficient filters and chimneys (Prairie 2008) . It is, for example, now widely accepted that large amounts of carbon can be lost from the water column by lake sedimentation and by emission in form of carbon dioxide (CO 2 ) and methane (CH 4 ) (Dean and Gorham 1998; Battin et al. 2009; Tranvik et al. 2009; Aufdenkampe et al. 2011; Raymond et al. 2013 ).
The carbon loss is known to increase with increasing water retention in the landscape (Algesten et al. 2004; Catalan et al. 2016) . Based on this knowledge, we suggest that a substantial amount of carbon and probably also of nitrogen which in the boreal region shows a close linkage to carbon (Khalili et al. 2010 ) is lost along the LOAC when water passes through lakes. In addition, we expect that the loss of carbon and nitrogen along the LOAC exceeds the loss of phosphorus and micronutrients since carbon and nitrogen can be lost in form of gases at the water-atmosphere interface while phosphorus, silicon, and iron cannot. These expectations are, however, only correct when all elements have the same primary upstream source with no major additional inputs along the LOAC. Such a requirement might be fulfilled when the energy and nutrient change along the LOAC follows a first order decay function, which has earlier been reported for organic carbon in the boreal region (Algesten et al. 2004; Weyhenmeyer et al. 2012a; M€ uller et al. 2013) .
We tested here whether concentrations of total carbon (TC; with separate analyses of the organic and inorganic fraction of TC), total phosphorus (TP), total nitrogen (TN), total iron (TFe), and dissolved silica (DSi) in Swedish boreal waters follow a first order decay function along the LOAC during autumn water column mixing. Since TC, TP, TN, TFe, and DSi in Swedish boreal waters most probably have their main source in the surrounding forest floor in the relatively sparsely populated Swedish boreal region, we hypothesized that TC, TP, TN, TFe, and DSi autumn concentrations in Swedish boreal waters decline according to a first order decay function along the LOAC. We further hypothesized that the carbon to nutrient ratios, i.e., TC:TP, TC:TN, TC:TFe, and TC:DSi ratios, significantly decrease along the LOAC of the boreal region, indicating a faster TC than TP, TN, TFe, and DSi loss as a consequence of CO 2 and CH 4 emissions. As a final step, to better understand drivers for changes in the energy:nutrient ratio along the LOAC, we compared changes in TC, TP, TN, TFe, and DSi autumn concentrations along the LOAC with seasonal changes in TC, TP, TN, TFe, and DSi concentrations. We hypothesized that concentration declines along the LOAC during autumn are slower than concentration declines from winter to summer due to strong TC, TP, TN, TFe, and DSi concentration declines by seasonally driven mineralization, benthic primary production as well as pelagic primary production induced sedimentation. We tested the three hypotheses with thousands of lake, stream, and river mouth data from the Swedish boreal and hemiboreal region.
Methods

Lake, stream, and river mouth data
To study changes in the energy:nutrient ratio along the LOAC within the boreal region, we used water chemical data from 4774 lakes (including Sweden's two largest lakes V€ anern and V€ attern), 149 streams (including three very small headwater streams), and 52 river mouths distributed across the entire boreal and hemiboreal areas of Sweden (Fig.  1 ). All data have been collected as part of the Swedish national freshwater inventory program (http://webstar.vatten.slu.se/db.html). The inventory database includes thousands of lake, stream, and river mouth data. We chose here all waters for which data were available on total organic car- In addition to measured TOC, TP, TN, TFe, and DSi, we calculated dissolved inorganic carbon (DIC; in mgC L 21 ) from water temperature, alkalinity (only positive values were selected), pH (only values > 5.4 were used to minimize incorrect estimates of CO 2 concentrations), and altitude according to Weyhenmeyer et al. (2012) . This approach has limitations but gives reasonable results for Swedish boreal waters as described in Weyhenmeyer et al. (2015) . Concentrations of DIC together with TOC were then used to calculate TC concentrations. This calculation neglects particulate inorganic carbon, which we assume being negligible in the humic boreal waters. Of minor importance is also the fraction of particulate organic carbon (POC), i.e., several studies have shown that commonly <3% of TOC is POC in boreal waters (Kortelainen et al. 2006; von Wachenfeldt and Tranvik 2008; Laudon et al. 2011 ). Thus, TOC in our study is clearly dominated by DOC. Likewise, TN in Swedish boreal waters is usually clearly dominated by dissolved organic nitrogen (Khalili et al. 2010) .
All data from Swedish the National Freshwater Inventory Program can freely be downloaded at http://webstar.vatten. slu.se/db.html. Most study lakes were small (excluding Sweden's two largest lakes V€ anern and V€ attern) with a median lake area of 0.16 km 2 (97.5% quartile: 11.25 km 2 ), and a median mean lake depth of 3.2 m (97.5% quartile: 11 m). The lakes, streams, and river mouths examined were generally nutrient-poor (median TP: 10 lg L ; median pH: 6.7, 97.5% quartile: 7.7). All samples were collected at a water depth of 0.5 m (except of the very small headwater streams where surface-water samples were taken).
For the assessment of spatial variation in TC, TOC, DIC, TP, TN, TFe, and DSi concentrations along the LOAC, we used site-specific long-term median values during autumn. The early autumn period is the time when the annual largescale national inventory takes place in about 1000 lakes. In addition to the large-scale sampling, there is a monthly or at least four times a year sampling program for several streams and lakes and the river mouths. To achieve consistency in the data material, we restricted our spatial analysis to data from the early autumn period when water temperatures are around 48C and the water column is well mixed. When more than one autumn value during a year was available, we chose the autumn value when water temperatures were closest to 48C. Since our sites were re-sampled a few times since 1990, we used the median of available autumn values. The number of available autumn values for each site varied but since year-to-year variation in autumn water chemistry at around 48C water temperature usually remains small compared to the spatial variation (Weyhenmeyer et al. 2012b) we consider the median being suitable for analyzes of spatial variation.
Apart from spatial variation, we also considered seasonal variation. From the 4975 inland waters, we selected waters that were sampled during different months for more than 15 yr. This selection gave 395 inland waters, comprising 131 streams, 210 lakes, Sweden's two largest lakes V€ anern and V€ attern, and 52 river mouths.
Catchment and climate data
For each of the 4975 inland waters, we had data on nine catchment variables, derived from the Geographic Information System (GIS; resolution: 100 m 3 100 m): size of catchment area of the inland water (in case a lake is considered the size of the catchment area excludes the area of the study lake; in km 2 and abbreviated as CA), altitude at the sampling and percentage of open water (i.e., the sum of lake surface area in the CA; in % of CA). For lakes, we also had data on mean lake depth and size of surface area. Using GIS, we overlapped the lake and stream database with the database on climate variables from the Swedish Meteorological and Hydrological Institute at http://www.smhi.se and downloaded site-specific (i.e., interpolated data at the sampling point) long-term means (i.e., 1961-1990 ) of annual precipitation (in mm), annual mean air temperature (here defined as temperature region; 8C), and the number of growing degree days (in days).
Energy and nutrient concentration changes along the LOAC Energy and nutrient concentration changes along the LOAC are expected to show a dependency on the time water travels through the landscape, according to what has been found for organic carbon quantity and quality (e.g., Algesten et al. 2004; Kellerman et al. 2014; Kothawala et al. 2014 ). The long-term mean water retention time through the landscape upstream of a lake (WRT landscape ) has been determined for a variety of Swedish lakes (M€ uller et al. 2013 ) but was not available for the majority of our study lakes and streams. However, the percentage of open water in the catchment of a site can be used as a reasonable proxy for WRT landscape . We therefore chose in this study to classify lakes and streams according to their percentage of open water in the catchment. We used eight categories: (1) very small headwater streams with zero percentage open water in CA (three in total), (2) streams and lakes with <5% open water in CA (98 streams and 1390 lakes, i.e., 1488 inland waters in total), (3) streams and lakes with !5% and <10% open water in CA (31 streams and 1472 lakes, i.e., 1503 inland waters in total), (4) streams and lakes with !10% and <20% open water in CA (17 streams and 1443 lakes, i.e., 1460 inland waters in total), (5) streams and lakes with !20% and <30% open water in CA (0 streams and 361 lakes), (6) lakes with !30% and <40% open water in CA (0 streams and 83 lakes), (7) Sweden's largest lakes V€ anern and V€ attern with a lake water retention of 9 yr and 58 yr, respectively, and (8) Sweden's river mouth (52 in total). Twentythree lakes were not allocated to a category since the % open water in CA ranged between 40% and 94% making the number of lakes in a category too small.
We To test the first of our three hypotheses, we applied a first order decay function for TC, TOC, DIC, TP, TN, TFe, and DSi concentration changes along the WRT landscape gradient according to:
where N(t) is the concentration at time t along the WRT landscape gradient, N 0 5 N(0) is the concentration at WRT landscape 5 0 which corresponds to the concentration in headwaters, and k is the decay coefficient (in days). We also determined the halflife of TC, TOC, DIC, TP, TN, TFe, and DSi concentration decay along WRT landscape gradient according to:
Finally, we compared the energy and nutrient concentration decline along the LOAC with the energy and nutrient concentration decline from winter to summer, i.e., from January to August. For this comparison, we used monthly median values of the concentrations in the 395 inland waters with time series data and applied the same kind of first order decay function and half-life as we did for the energy and nutrient concentration decline along the LOAC (i.e., we applied Eqs. 1, 2).
Statistics
All statistical tests were run in JMP, version 12.0. Due to the non-normal distribution of the data, tested by a ShapiroWilk test, we used median values for averages and applied partial least squares (PLS) regression models when we predicted concentrations of chemical variables in inland waters by 12 catchment and climate variables. We chose PLS because of the method's insensitivity to X-variable's interdependency and the insensitivity to deviations from normality (Wold et al. 2001) . PLS is commonly used to find fundamental relations between two matrices (X and Y) where the variance in X is taken to explain the variance in Y. In PLS, X-variables are ranked according to their relevance in explaining Y, commonly and also in this study expressed as Variable Importance in Projection (VIP value; Wold et al. 2001) . The higher the VIP values are the higher is the contribution of an X-variable to the model performance. We consider VIP-values exceeding 1.0 as important X-variables. Apart from PLS, we also used the nonparametric Wilcoxon test to compare concentrations of chemical variables between lakes and streams.
Results
Catchment and climate drivers of carbon and nutrient concentrations in boreal waters
Using data from the 4975 boreal inland waters and applying PLS regression models, we found that long-term site-specific median concentrations of all chemical variables, i.e., TC, TOC, DIC, TP, TN, TFe, and DSi showed a dependency on temperature region, site-specific number of growing degree days, and altitude (Table 1) . We further found that the percentage of coniferous forest and open water in the CA was important for TOC, TFe, and DSi concentrations in boreal inland waters but not for DIC, TP, and TN concentrations. DIC, TP, and TN concentrations were instead influenced by the percentage of agricultural land and pasture in the catchment (Table 1) , although the percentage of agricultural in the catchment was <10% for 90% of the inland waters and exceeded 5% only in the catchments of 815 boreal waters, mainly in the catchments of the river mouths. Removing the 815 boreal waters from the PLS analyses, DIC and TN concentrations were no longer influenced by the percentage of agricultural and pasture in the catchment (VIP values <1.0 for % agricultural and % pasture in CA) but instead became influenced by the percentage of coniferous forest (VIP values >1.0 for % coniferous in CA). Only TP concentrations still showed a dependency on the percentage of agricultural land and pasture. TP became also dependent on the percentage of urban and exploited land in the catchment (VIP values >1.0).
Carbon and nutrient concentration changes along the LOAC
We examined TC, TOC, DIC, TP, TN, TFe, and DSi concentration changes in lakes and streams along the WRT landscape gradient and found that all concentrations generally decreased with increasing WRT landscape (Fig. 2) . The median concentration decrease in inland waters along the WRT landscape gradient in the catchment followed a first order decay function with the shortest half-life for TFe and DSi, with 410 d and 568 d, respectively (Table 2) . Longest halflives were observed for TP, DIC, and TN with 1777 d, 2236 d, and 2567 d, respectively. TC and TOC had half-lives along the LOAC of 1260 d and 1195 d, respectively, corresponding to a bit more than 3 yr ( Table 2 ). The half-lives remained very similar when we restricted our data analysis to the 4160 boreal waters with less than 5% agriculture in the CA (i.e., half-lives for TFe and DSi were 408 d and 559 d, respectively, and for TP and TN, 2310 d and 3466 d, respectively). Thus, loss rates along the LOAC were in the order (from fastest to slowest decline): :0.63-39). These ratios, in particular the TOC:TP ratio, were low compared to global averages which were estimated being 1467 for TOC:TP and 21 for TOC:TN (Chen et al. 2015) .
Apart from TC, TOC, DIC, TP, TN, TFe, and DSi concentration declines along the LOAC, we also found a significant general decline in the percentage of coniferous forest along the WRT landscape gradient when we used median values for each WRT landscape category (R 2 5 0.96, p <0.01, n 5 5). 
Seasonal variations in carbon and nutrient concentrations
Using data from the 395 boreal inland waters, we found a clear seasonal decline for DSi, DIC, TC, and TFe concentrations from January to August but not for TOC, TP, and TN concentrations ( Table 2 ). The seasonal decline followed a first order decay function when we used monthly median values of the 395 inland waters during the period January to August (Table 2) . When we only examined the seasonal concentration development in the three small headwater streams, we did not detect a significant first order seasonal decline from January to August for any examined chemical variable, although there was a general concentration decline from March to June. The seasonal decline of DIC concentrations from winter to summer was more than eight times faster than the DIC concentration decline along the LOAC (Table 2) . Even for DSi concentrations the seasonal decline was more than twice as fast as the decline along the LOAC. In contrast, the seasonal declines in TC and TFe concentrations were comparable to the concentration declines along the LOAC (Table 2) . Thus, within a year, DIC and DSi concentrations showed the fastest and quantitatively very similar declines from winter to summer (Fig. 3) , followed by TFe and finally by TC concentrations (Table 2) .
Discussion
Aquatic chemical concentration declines along the LOAC, often described as retention, are well known and have been attributed to the efficient filtering capacity of inland waters (e.g., Billen et al. 1991; Conley et al. 2000; Cook et al. 2010; Bouwman et al. 2013) . In this study, we could confirm chemical concentration declines along the LOAC in the following order (from fastest to slowest decline): (Table 2) . We also showed that TFe, DSi, TOC, TC, TP, DIC, and TN concentrations in Swedish boreal waters during autumn decline according to a first order decay function along the LOAC (Table 2) , supporting one of our three hypotheses.
When we formulated the hypothesis of a first order decay along the LOAC, we assumed that all variables have their main source in the surrounding forest floor of the Swedish boreal region. This assumption was fulfilled for TC, TOC, TFe, and DSi concentrations as they were mainly driven by the percentage of coniferous forest in the catchment (Table  1) . DIC, TP, and TN concentrations, however, were mainly driven by the percentage of agriculture and pasture in the catchment (Table 1 ) albeit the percentage of agriculture and pasture in the catchment was generally less than 10%. Despite the differences in the catchment drivers of chemical variables, we found a very similar significance in the first order decay along the WRT landscape gradient for all variables (Table 2) . A first order decay along the WRT landscape gradient suggests that WRT landscape is an important driver for a concentration decline along the LOAC of the boreal region, which supports previous studies (e.g., Meili 1992; Dillon and Molot 2005; Humborg et al. 2008; Weyhenmeyer et al. 2012; M€ uller et al. 2013 ). WRT landscape is particularly long for lakes. Lakes can act as buffers, slowing down the movement of water and thereby providing critical time for physical and biochemical processes to take place (Essington and Carpenter 2000; Goodman et al. 2011; Hanson et al. 2011; Lottig et al. 2013) . The importance of in-lake physical and biochemical processes for a concentration decline along the WRT landscape gradient becomes, however, only apparent when catchment characteristics do not substantially change along the gradient. It has, for example, been shown that nutrient concentrations can also substantially increase toward downstream sites when catchment characteristics rapidly change along lake chains of high altitude regions (Sadro et al. 2012) . Physical and biochemical processes that can result in a concentration decline along the LOAC of the lake-rich boreal region are sedimentation, flocculation, microbial and photochemical mineralization, emission, biological uptake, and dilution (Fig. 4) . Sedimentation and flocculation directly affect all chemical variables except DIC and DSi, which only after biological uptake might be subjected to sedimentation and flocculation. In Swedish boreal waters, flocculation has been identified as an important loss process for TFe and TOC since both TFe and TOC primarily occur in the colloidal and dissolved phase (von Wachenfeldt et al. 2009; K€ ohler et al. 2013) . Flocculation has also been suggested being the main reason why TFe concentrations decline faster than TOC concentrations along a WRT landscape gradient (K€ ohler et al. 2013; Weyhenmeyer et al. 2014) . Thus, our observed fast TFe loss rates along the LOAC of the lake-rich boreal region which exceeded the TC and TOC loss rates are probably a result of flocculation.
Apart from flocculation, a loss of TOC, in particular of DOC, along the LOAC has been attributed to microbial and photochemical mineralization, resulting in a gain of CO 2 and CH 4 with consequent substantial CO 2 and CH 4 emissions from inland waters (Algesten et al. 2004; Cole et al. 2007; Raymond et al. 2013 ). Also Catalan et al. (2016) attributed major DOC losses along the LOAC to mineralization and found DOC half-lives of 2.5 6 4.7 yr. These DOC halflives are comparable to the TOC half-life of this study where we found half-lives being a bit more than 3 yr (Table 2) .
Thus, microbial and photochemical mineralization might be an important process to explain organic carbon losses along the LOAC. Mineralization with a consequent CO 2 and CH 4 production would also explain why we found substantially longer DIC than TOC half-lives along the LOAC. However, despite a possible DIC production along the LOAC, DIC concentrations still declined along the LOAC (Table 2) . We attribute this decline to CO 2 and CH 4 emissions as well as to biological uptake. CO 2 and CH 4 emissions from boreal inland waters are usually substantial Raymond et al. 2013) , and they are probably the reason why we found a faster TC than TN and TP loss along the LOAC (Fig. 2) , which supports our second hypothesis of declining TC:TN and TC:TP ratios along the LOAC of the boreal region. Declining TC:TN and TC:TP ratios indicate a surplus of TN and TP in relation to TC toward downstream sites. In the Swedish boreal region, lakes are typical downstream sites and WRT landscape can be rather long. In contrast, WRT landscape is usually comparably short for the Swedish river mouth since they receive most of their water from a large main stream and not from lakes (M€ uller et al. 2013) . Consequently, chemical concentrations remained rather high at the river mouths (Fig. 2) . Particularly high were TP and TN concentrations at the river mouths which we attribute to an additional TP and TN input by increasing agricultural activity downstream. The high TP and TN concentrations at the river mouths resulted in rather low TC:TP, TOC:TP, TC:TN, and TOC:TN ratios. The TOC:TP as well as the TN:TP ratios in the Swedish river mouths correspond to ratios which are typical for mesotrophic to eutrophic lakes (Chen et al. 2015) . Since waters of the Swedish boreal region are Table 2 .
generally considered being nutrient-poor (Bergstr€ om et al. 2005) , such low TOC:TP and TN:TP ratios at the river mouths might be rather unexpected but they clearly show that little agricultural activity in the catchment as well as point sources from cities which are located close to the coast can substantially influence energy:nutrient ratios, in particular energy:macronutrient ratios. Additional TP and TN input from agriculture and point sources along the LOAC might explain our observed comparably long half-lives for these nutrients. Originally, we assumed that TN is lost faster from the water column than TP due to an additional loss at the water-atmosphere interface in form of gas. This was not the case, resulting in rather stable TN:TP ratios along the LOAC (Fig. 2) . Several reasons are possible for stable TN:TP ratios along the LOAC. A possible nitrogen loss through denitrification might be countered by nitrogen fixation (Cook et al. 2010) or the nitrogen loss at the water-atmosphere interface might be countered by an additional leakage from agricultural and boreal soils which usually is larger for nitrogen than for carbon and phosphorus (Vanni et al. 2001; Khalili et al. 2010) .
In contrast to TN and TP, TFe and DSi were lost much faster along the LOAC than TC and TOC (Table 2) , resulting in rapidly increasing TC:TFe and TC:DSi ratios with increasing WRT landscape . Generally, we found that the forest driven variables TFe, DSi, TC, and TOC showed up to six times shorter half-lives than the agricultural driven variables DIC, TN, and TP (Table 2) . Shorter half-lives for TFe, DSi, TC, and TOC might partly be caused by an additional input of TN and TP along the LOAC and partly by a dilution effect due to a decline in the percentage of coniferous forest, which is the main driver for TFe, DSi, TC, and TOC. However, since the half-lives of TFe and TC along the WRT landscape gradient were quantitatively similar to the half-lives determined from seasonal patterns (Table 2) , a strong dilution effect for TFe, DSi, TC, and TOC along the LOAC is rather unlikely. It is more likely that flocculation and DOC mineralization are mainly responsible for fast TFe, TC and TOC declines along the LOAC of the lake-rich boreal region.
Dissolved Si is the only chemical variable examined with a rapid loss along the LOAC which has no direct coupling to flocculation and DOC mineralization. DSi is known to rapidly decline in lakes and reservoirs as a response of biological uptake, in particular by diatoms (Schelske 1985; Conley et al. 2000) . If diatom growth is a main driver determining concentrations in boreal waters, we might see a congruent DSi and DIC concentration pattern which is well known from the oceans (Li et al. 2011) . Along the LOAC a congruent pattern was not evident since DSi declined much faster than DIC, partly due to CO 2 production by DOC mineralization. In addition, DSi fluxes from agricultural landscapes are significantly lower than for forested watersheds due to intense biological cycling in croplands and managed grasslands (Vandevenne et al. 2015) . However, on a seasonal scale, we observed a 1:1 relationship between a DSi and DIC concentration decline from winter to summer (Fig. 3) . Thus, we suggest that diatoms play an important role for seasonal biogeochemical cycles in the Swedish boreal waters although most of our study inland waters were nutrient-poor. The seasonal loss was much faster than the loss along the LOAC that supports our third hypothesis, but only for the biological driven variables DSi and DIC. All other variables showed either no seasonal loss at all, i.e., TOC, TN, and TP or a similar loss between seasons and along the LOAC, i.e., TC and TFe. We suggest that TC, TOC, TN, TP, and TFe are less influenced by seasonally strongly varying benthic and pelagic primary production compared to DSi and DIC. The fast seasonal DSi loss toward summer might result in DSi limitation for phytoplankton growth, particularly at downstream sites. Such DSi limitation is well known from studies in estuaries (Conley and Malone 1992; O'Boyle et al. 2015) .
